Forage production is dependent on soil type and climatic conditions (Sotomayor-Ríos and Pitman, 2001) . In many countries, relatively low CP concentration (<10% of DM; NRC, 2001) and relatively large water requirements (Rezaei et al., 2014) are the main limiting factors for producing corn silage. Therefore, it is necessary to consider unusual plants with great yield, CP concentration, and digestibility and reduced water requirements as alternative feeds (Rezaei et al., 2014 ABSTRACT: Amaranth (Amaranthus sp.) is a C 4 plant adapted to poor soils and regions with limited rainfall and high temperatures. The plant is characterized by a yield of up to 85 t/ha, CP concentration of up to 28.5% of DM, and DM digestibility of 59 to 79%, which may vary depending on the species and variety. The potential of this plant as a forage source for ruminants has not been completely considered. This study aimed at assessing the nutritive value of silages from corn (Zea mays), 2 amaranth (Amaranthus hypochondriacus) varieties (var. Kharkovskiy and Sem), and an amaranth-corn combination by chemical composition, silage fermentation characteristics, in vivo digestibility, and in situ DM degradability. Treatments evaluated were ensiled corn var. hybrid SC 704 (EC), ensiled amaranth var. Kharkovskiy (EK), ensiled amaranth var. Sem (ES), ensiled corn-amaranth var. Kharkovskiy mixture, and ensiled corn-amaranth var. Sem mixture. Five sheep were used in a 5 × 5 Latin square design experiment to determine in vivo digestibility. The nylon bag technique was used to determine the in situ DM degradability using 3 ruminally fistulated sheep. Compared with EK, ES had greater ash-free NDF (NDFom) and CP concentrations. In comparison with EC, the ensiled amaranths and corn-amaranth mixtures had a greater (P < 0.001) concentration of CP but less concentrations of NDFom, ADL (P < 0.001), and water-soluble carbohydrates (P = 0.034). Silage pH and ammonia-N concentration were the least (P < 0.001) for EC and greatest for ES. The EC had greater (P < 0.001) concentrations of lactic and acetic acids but less (P < 0.001) concentrations of propionic and butyric acids compared with the other silages. The in vivo DM digestibility (P = 0.035) and ME (P = 0.030) of EK and ES were greater than those of EC. Effective degradability of DM in EK and ES was less (P < 0.001) than with the other silages. Overall, mixing amaranth with corn improved concentration of CP and digestibility of the mixed corn-amaranth silages and has the potential of completing corn in ruminant diets. 
INTRODUCTION
ered as forage crops (Olorunnisomo and Ayodele, 2009) due to their resistance to heat stress (Nuugulu, 2013) , reduced water requirement compared with corn (Ofitserov, 2001) , abundant biomass (up to 85 t/ha; Abbasi et al., 2012) , and relatively greater concentration of CP (up to 28% of DM) and DM digestibility (DMD; 59-79%; Sleugh et al., 2001; Rezaei et al., 2014) . Presence of oxalates and nitrates in some species of amaranth limit their usefulness as animal feed (Olorunnisomo and Ayodele, 2009; Seguin et al., 2013) . Rezaei et al. (2009) indicated that nitrate and oxalate concentrations of Amaranthus hypochondriacus were less than the toxic level for ruminants. Ensiling has been recommended to conserve A. hypochondriacus (Rezaei et al., 2009) . Substituting ensiled amaranth (EA) for ensiled corn in diets of fattening lambs (up to 30% of diet DM; Rezaei et al., 2014) and lactating cows (up to 21% of diet DM; Rezaei et al., 2015) had been possible without adverse effects on performance and animal health. There is little information on the ensiled nutritive value, in vivo digestibility, and in situ degradability of silages from different amaranth varieties. The aim of this study was to determine the chemical composition, silage fermentation characteristics, in vivo digestibility, and in situ DM degradability of 2 A. hypochondriacus varieties (var. Kharkovskiy and Sem), corn (Zea mays, var. hybrid SC 704) , and an amaranth-corn combination.
MATERIALS AND METHODS
The Guide for the Care and Use of Agricultural Animals in Research and Teaching (FASS, 2010 ) was followed for housing, feeding, transport, proper and humane care and use of animals, veterinary care, occupational health and safety, program management, and procedures. The Committee of Animal Science of Tarbiat Modares University approved the experimental protocols.
Forage Production and Silage Preparation
Corn (Z. mays, var. hybrid SC 704) and 2 varieties (var. Kharkovskiy and Sem) of A. hypochondriacus were sown on July 1 (2012) in an experimental field located at 45 km from Tehran (Iran). The area is at an altitude of 1,160 m above sea level, with the latitude and longitude of 35°47′ N and 51°08′ E, respectively. The mean historical annual temperature and rainfall from 1951 to 2013 were 17.4°C and 233 mm, respectively. Weather data during the growing season and ensiling period are presented in Table 1 . The soil at the experimental field is loam (185 g/kg clay, 400 g/kg silt, and 415 g/kg sand) Calcic Xerosol in the Food and Agriculture Organization of the United Nations taxonomy.
The experimental forages were planted as second crops, after harvesting barley, in a barley-corn or barley-amaranth double-cropping system, which is common in Iran (Ranjbari et al., 2007) . This practice is possible only in areas with long growing seasons (Biabani, 2010) . The trial was laid out according to a randomized complete block design with 3 replications. Three plots of 3,000 m 2 were assigned to each experimental plant material. The plant row spacing was 75 cm in all plots. Corn was planted using a 4-row pneumatic precision corn seed planter (Tarashkadeh Co., Karaj, Iran), and amaranth was planted using a manual seed planter machine. Seeding rates for corn and amaranths were 35 and about 0.5 kg/ha, respectively. Amaranth seeds were mixed with finely sieved sand as a carrier to ensure uniform distribution throughout the plots.
Water was applied through a sprinkler method of irrigation. The first irrigation was applied after seed planting at a rate of 50 mm (500 m 3 /ha). A water counter was used to record the volume of water applied. Water use at each irrigation interval was 30 mm (300 m 3 /ha). Mean total volumes of irrigation water applied to amaranth and corn plots were 470 and 590 mm (4,700 and 5,900 m 3 /ha), respectively. The values of electrical conductivity), NH 3 , SO 4 , NO 3 , NO 2 , Ca, Mg, Na, K, Cl, and pH in the irrigation water were 0.419 siemens/meter; <0. 05, 66, <19.4, <0.07, 23.6, 5.76, 43, 0.6, and 6.0 mg/L; and 7.92, respectively. For amaranth, fertilizer formula 46-0-0 of N was applied at a rate of 326 kg of urea/ha (150 kg of N/ha). For corn, fertilizer formula 46-45-14 of N-P2O5-Ca was applied at a rate of 390 kg of urea (180 kg of N) plus 140 kg of granular triple superphosphate (containing 14% of Ca)/ha. A third of urea plus all triple superphosphate were incorporated into the soil before seeding. The remaining urea was top-dressed in 2 equal splits at the 9-leaf and before-flowering stages.
Weeds were controlled through inter-row cultivation, using a cultivator, at the 6-leaf stage for corn and at the 9-leaf stage for the amaranth varieties. In early fall when kernels were at the mid milk stage (growth stage BBCH-75; Lancashire et al., 1991) , forages were cut to a 10-cm stubble height using a corn harvester (Claas Jaguar Company, Harsewinkel, North Rhine-Westphalia, Germany). Harvesting and chopping of corn were done on October 4 (i.e., 92 d after sowing), and harvesting and chopping of amaranth varieties were done on October 9 (i.e., 97 d after sowing). Particle length of chopped corn and amaranth were 20 to 40 mm and 15 to 30 mm, respectively. From each harvested plot, 2 samples of 2.5 kg of corn and amaranth varieties were taken to determine chemical composition (Table 2) .
Chopped amaranths, var. Kharkovskiy and Sem; corn; and the mixtures of amaranths and corn (at the ratio of 50:50, on a fresh-weight basis) were ensiled for 5 mo. Five experimental treatments were ensiled corn var. hybrid SC 704 (EC), ensiled amaranth var. Kharkovskiy (EK), ensiled amaranth var. Sem (ES), ensiled cornamaranth var. Kharkovskiy mixture (ECK), and ensiled corn-amaranth var. Sem mixture (ECS). The materials were compacted into pile silos, with airtight covers to ensure good fermentation, by driving over them with a tractor. Silos were sealed with a single layer of colorless plastic (thickness of 300 μm) covered by a single layer of black/green plastic (thickness of 200 μm). The covers were held in place with discarded tires and soil. Each silo was compacted and sealed within 1 to 1.5 h of harvesting. There were three 14-t (on a fresh-weight basis) silos (i.e., 3 replications) per treatment. At the opening time of each silo, 2 representative samples of approximately 5 kg each were taken from the fresh silage for later analyses.
Chemical Analysis and Silage Fermentation Characteristics
The samples of pre-ensiled and ensiled crops were dried, in a forced-air oven, at 60°C for 48 h to a constant weight to determine DM concentration. The concentrations of ash (method 924.05; AOAC, 1998), CP (method 988.05; AOAC, 1998), and ether extract (EE; method 920.39; AOAC, 1998) were measured. Ash-free NDF (NDFom) was determined using neutral detergent solution according to Mertens (2002) . The ADF (method 973.18; AOAC, 1998) was determined and expressed exclusive of residual ash (ash-free ADF [ADFom] ). The ADL was determined using the 72% sulfuric acid method (method 973.18; AOAC, 1998) . Neutral detergent insoluble CP (NDICP) was measured after NDF determination, and acid detergent insoluble CP (ADICP) was measured after ADF determination according to the methods described by Licitra et al. (1996) . Watersoluble carbohydrates (WSC) were measured by the anthrone method (MAFF, 1982) , and nitrate was measured using a colorimetric method (Singh, 1988) . For pH determination, a 50-g sample of the fresh silage was thoroughly mixed with 125 mL of distilled water in a screw-capped bottle. This was left for 1 h at 25°C with occasional stirring. After decanting the silage extract into a beaker, the pH value was recorded (Faithfull, 2002 ) using a portable digital pH meter (Sartorius PT-10; Sartorius AG, Göttingen, Germany). For ammonia-N analysis, the extract, which was obtained by squeezing the silage material, was filtered using Whatman 54 filter paper (Whatman™, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). A 9-mL aliquot was taken, mixed with 1 mL of a 7.2 N H 2 SO 4 , and stored at -20°C. After thawing, the silage extracts were analyzed for ammonia-N using a phenol-hypochlorite assay (Galyean, 1997) . Two milliliters of the silage juice was pipetted into a microcentrifuge tube with 0.5 mL of an acid solution (containing 20% orthophosphoric acid and 20 mM 2-ethyl butyric acid, as the internal standard) and centrifuged at 15,000 × g for 15 min at 4°C (Rezaei et al., 2014) . The supernatant was used to quantify the lactic acid and VFA using a gas chromatograph (UNICAM 4600; SB Analytical, Cambridge, UK) equipped with a flame ionization detector (250°C), split-injection port (1.0 μL injection). and a capillary column (Agilent J&W HP-FFAP, 10 m by 0.535 mm by 1.00 μm, 19095F-121; Agilent, Santa Clara, CA). The carrier gas was He (column head pressure of 68.9 kPa) and working temperature of the injector and detector were 250 and 300°C, respectively. The initial column temperature was set at 80°C for 1 min and then increased with 20°C per min to 120°C followed by 6.2°C per min to 140°C and thereafter with 20°C per min to 205°C.
In Vivo Digestibility
Total apparent digestibility of DM and nutrients were measured using the total fecal collection method described by Givens et al. (2000) . Five Shall intact male sheep individually penned in metabolism crates with an average BW of 61 ± 1.4 kg were used in a 5 × 5 Latin square design experiment made up of five 28-d experimental periods (21 d for adaptation to the experimental feeds and metabolism crates and 7 d for the feces collection period) separated by 7-d washout periods between them. During the washout periods, all animals were housed indoors as a group and fed a diet containing alfalfa hay, wheat straw, barley grain, soybean meal, and mineral-vitamin premix on a ratio of 50:20:24:5:1 (on a DM basis), respectively. During the experimental period, the sheep were fed with the experimental silages twice daily, at 0800 and 1700 h, and had free access to water. During the 7 d of collection period, feed offered, orts, and feces from each sheep were weighed and recorded daily and then 10% representative samples were taken and stored at -20°C for later analyses. Finally, the digestibility coefficients of DM, OM, CP, NDFom, and EE were measured as nutrient digestibility (%) = [(g of nutrient intake -g of fecal nutrient excreted)/g of nutrient intake] × 100. Digestible OM in the DM (DOMD) was calculated as DOMD (% of DM) = [(g of OM intake -g of fecal OM)/g of DM intake] × 100. The silage ME (MJ/kg of DM) was calculated as 0.16 × DOMD (% of DM) suggested by the Agricultural and Food Research Council (1993) .
In Situ Degradability
The nylon bag method (AFRC, 1992) was used to determine the in situ DM degradability of the silages. Bags were suspended in the rumens of 3 ruminally fistulated male Shall sheep of 59 ± 1.2 kg BW. The animals were fed with a diet consisting alfalfa hay, EC, and EA (mix of 2 varieties, on fresh-weight basis) with a forage to concentrate (wheat bran and barley grain, 50:50) ratio of 60:40 (DM basis) twice daily at 0700 and 1900 h and had free access to water. During a 14-d adaptation period, sheep were accustomed to the new feeding schedule and housing, and the animals were gradually introduced to the formulated diet. The bag size was 21 by 10 cm with a pore size of 45 μm (Bucksburn, Aberdeen, UK). Five grams DM of each sample was placed in the nylon bag and incubated in the rumen for 4, 8, 12, 24, 48, 72 , and 96 h. In each sheep, 2 bags per sample were used for each time interval. After withdrawing the bags from the rumen, they were washed in a washing machine (Hoover OPSH62; Hoover, London, UK) for 1 h using cold water and oven dried at 55°C to a constant weight. The value of degradability at time 0 was obtained by washing 3 bags per sample in a washing machine for 1 h using cold water. Bags and contents were weighed to estimate degraded DM. The percentage of ruminal degradability (Y) at time (t) was obtained from an exponential curve of the type Y = a + b(1 -e -ct ), which was fitted to the experimental data by iterative regression analysis (Ørskov and McDonald, 1979) . In this equation, e is the base of natural logarithms, the constant a represents the soluble and very rapidly degradable fraction, and b represents the insoluble but potentially degradable fraction, which degrades at a constant fractional rate (c) per unit time. Effective DM degradability (ED) in the silages was then estimated (Ørskov and McDonald, 1979) as ED = (a + b × c)/(c + k), in which ED is the effective DM degradability; constant a is the soluble and very rapidly degradable fraction; b is the insoluble but potentially degradable fraction, which degrades at a constant fractional rate (c) per unit time; and k is the fractional outflow rate of small particles from the rumen. An assumed value of k = 2%/h was used, which is an average value for sheep given a mixed diet at a very low level of feeding, equivalent to approximately maintenance (Alderman et al., 1993) .
Statistical Analyses
Data on chemical composition of the pre-ensiled crops and chemical composition and fermentation characteristics of the experimental silages were subjected to ANOVA using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC) in a randomized complete block design. The model included the fixed effect of treatment. Data on the in vivo digestibility were analyzed as a 5 × 5 Latin square design using the GLM procedure of SAS. Multiple comparisons among means were performed with the Duncan's multiple range test. Moreover, the MIXED procedure of SAS was used to analyze data from in situ study. The model included the fixed effect of treatment and the random effect of animal. For in situ degradability, least squares means were separated using the DIFF option. Differences between varieties Kharkovskiy and Sem were examined by using a t test.
RESULTS

Chemical Composition
The chemical composition of the pre-ensiled and ensiled forage materials is shown in Table 2 . The DM (P = 0.99), CP (P = 0.74), WSC (P = 0.60), ash (P = 0.95), NDICP (P = 0.86), ADICP (P = 0.82), and nitrate (P = 0.91) concentrations of pre-ensiled amaranth var. Kharkovskiy (PK) and pre-ensiled amaranth var. Sem (PS) showed no differences, but NDFom concentration was less (P < 0.001) for the Kharkovskiy variety. Preensiled corn var. hybrid SC 704 (PC), PK, and PS showed no difference (P = 0.61) in the concentrations of DM. The DM concentration of EK was greater (P = 0.026) than EC. Pre-ensiled amaranths contained greater (P < 0.001) concentrations of CP compared with PC. The CP concentrations of the amaranth-containing silages were greater (P < 0.001) than those of EC. Pre-ensiled corn contained greater (P < 0.001) NDFom concentration compared with PK and PS. Ensiled amaranth var. Sem had greater (P < 0.001) NDFom and ADFom concentrations than EK. The concentrations of NDFom, ADFom, and ADL in EC were greater (P < 0.001) compared with the other silages. Pre-ensiled (P < 0.001) and ensiled (P = 0.034) corn contained a greater WSC concentration than pre-ensiled and ensiled amaranths. In comparison with PC, PK and PS had greater (P < 0.001) concentrations of ash. The ash concentration of EC was less (P < 0.001) than all other silages. In comparison with PC, pre-ensiled amaranths contained greater (P < 0.001) NDICP and ADICP concentrations. The concentrations of NDICP (P = 0.002) and ADICP (P < 0.001) in EC were less than the other silages. Nitrate concentration did not differ among the pre-ensiled (P = 0.74) or ensiled (P = 0.82) treatments.
Silage Fermentation Characteristics
As shown in Table 3 , pH and ammonia-N concentration were least (P < 0.001) for EC and greatest for ES. The pH (P = 0.91) and concentrations of ammonia-N (P = 0.86) and lactic (P = 0.83) and acetic (P = 0.92) acids were not different between EK and ES. In comparison with EK, there were greater (P < 0.001) concentrations of propionic and butyric acids in ES. The EC had greater (P < 0.001) lactic and acetic acids concentrations but lower (P < 0.001) concentrations of propionic and butyric acids compared with EK, ES, ECK, and ECS.
In Vivo Digestibility and In Situ Degradability
Digestibility coefficients of DM (P = 0.87), OM (P = 0.68), CP (P = 0.59), NDFom (P = 0.78), and EE (P = 0.47) as well as ME (P = 0.90) did not differ between EK and ES (Table 4) . Ensiled amaranth var. Kharkovskiy and ES had greater DMD (P = 0.035) compared with all other ensiled forages. Reduced (P = 0.043) OM digestibility was observed for EC compared with EK, ES, and ECK. In comparison with EC, EK and ES had greater digestibility coefficients of CP (P < 0.001), NDFom (P = 0.038), and EE (P = 0.033) as well as ME (P = 0.030).
The concentration of fraction a was less (P < 0.001) and the concentration of fraction b was greater (P < 0.001) in EK and ES compared with the other silages (Table 5 ). Fractional degradation rates of b showed no differences (P = 0.97) among the treatments. The ED of EK and ES was less (P < 0.001) than corn and mixed corn-amaranth silages. Between the 2 ensiled amaranth varieties, EK had a greater (P < 0.001) ED than ES. Ensiling corn in combination with amaranth varieties resulted in an improvement of ED compared with the silages from amaranth alone.
DISCUSSION
Chemical Composition
Because of favorable nutritive value and abundant DM production, amaranth varieties have been considered as a valuable crop in Iranian agriculture. Farmers in Iran have an opportunity to increase their agricultural productivity and income by planting amaranth as a second summer crop, in double cropping systems, after harvesting their wheat and barley. There is enough growing season remaining after harvesting wheat and barley to grow a second crop of amaranth (Abbasi et al., 2012; Rezaei et al., 2014 Rezaei et al., , 2015 . Wheat and barley are harvested in summer and then amaranth is sown on that acreage for a harvest in the fall, but this practice is possible only in areas with long growing seasons (Biabani, 2010) . Amaranth (including A. hypochondriacus, Amaranthus hybridus, Amaranthus cruentus, Amaranthus hybrid, Amaranthus tricolor, and Amaranthus caudatus) has also been considered as a valuable crop in other countries, as noted by Svirskis (2003) , and amaranth could be one of the most promising crops introduced in Lithuania. Moreover, in recent decades, the cultivation and breeding of amaranth has begun in many American, European, Asian, and African countries. Comprehensive research on amaranth is being performed in the American Institute of Amaranth (Rodale Research Center, Bricelyn, MN), and the selection of the best varieties of amaranth as food, feed, and energy production should be continued (Svirskis, 2003) . Differences in the nutritive value of EK and ES compared with ECK and ECS were due to the wide difference in the chemical composition between EC and EA. Similar to the results reported by Rezaei et al. (2014) , DM of experimental silages (<25% of fresh weight) was less than commonly recommended (McDonald et al., 1991; Kaiser et al., 2004) . In Iran, corn and amaranth grown for ensilage are planted as part of a double cropping system and harvested in the fall, when adequate heat and sunshine for maturity are not available. Therefore, these crops were ensiled with DM concentration less than 25% of fresh weight (Nikkhah et al., 2011; Rezaei et al., 2014) .
Unlike EC, the CP concentrations of the silages from 2 amaranth varieties and corn-amaranth mixtures were more than the minimum level (8% of DM) required to provide adequate ruminal ammonia supporting the optimum growth of rumen microorganisms (Norton, 1998) . The concentration of CP in EC was in agreement with the results of Pirmohammadi et al. (2006) and was improved by mixing corn with amaranth (i.e., in ECK and ECS). In confirmation of the results by Olorunnisomo and Ayodele (2009) on amaranth forage, the greater CP concentrations of the silages from amaranth varieties or corn-amaranth mixtures compared with EC indicated that amaranth could complement corn when CP is the limiting factor in the ruminant diet. The CP concentrations of these amaranth silages (12-12.8% of DM) were comparable with those (12.2-13.1% of DM) reported by Rezaei et al. (2009 Rezaei et al. ( , 2014 but greater than those (9.25% of DM) reported by Olorunnisomo and Ayodele (2009). The different CP concentrations among the scientific reports were possibly associated with different amaranth species, dates of planting and harvest, fertilization rates (Sleugh et al., 2001; Abbasi et al., 2012) , and management of ensiled crops (McDonald et al., 1991) . There are various species and varieties of amaranth with different concentrations of CP (Sleugh et al., 2001; Seguin et al., 2013) . Moreover, it is reported that amaranth maturity (Sleugh et al., 2001; Abbasi et al., 2012) and N fertilizer rates have great effects on the CP concentration of amaranth fodder (Peyraud and Astigarraga, 1998; Pospisil et al., 2006; Abbasi et al., 2012) . In addition, ensilage management has been varied among the studies, resulting in different silage composition due to different fermentation quality and losses from ensiled materials (Kaiser et al., 2004) . The CP concentration of the EA in a study by Olorunnisomo and Ayodele (2009) (2013) worked on 2 amaranth varieties (Plainsman and D136) in Sainte-Anne-de-Bellevue (QC, Canada). The amaranths were harvested at the onset of flowering, chopped to a length of approximately 25 mm, wilted to a targeted 30% DM concentration, and ensiled into 1-kg minisilos for 50 d. The CP concentrations of EA in the varieties investigated by them were 14.3 to 15% of DM. In another study, the CP concentration of the silage made from A. hypochondriacus has been reported as 11.4% of DM (Rezaei et al., 2015) . Their amaranth was planted in a field located in Shahriar county (Tehran Province, Iran), harvested at mid milk stage of kernels, chopped (15-30 mm), and ensiled into a 60-t permanent horizontal silo for 6.5 mo.
Less concentrations of NDFom, ADFom, and ADL in the amaranth varieties and corn-amaranth mix silages compared with those in EC show the potential of these varieties of amaranth as fodder for ruminants (Rezaei et al., 2014) , because increasing the concentration of cell wall compounds limits feed intake and energy availability of forages in ruminants (Jung and Allen, 1995) . The amaranth silages had the least cell wall compounds concentrations, ensiled corn-amaranth mixtures were intermediate, and EC had the greatest concentrations. This means that ensiling corn in combination with amaranth can be beneficial in ruminant nutrition. The NDFom concentrations of the present EA were less than the results (45.1-47.7% of DM) from Olorunnisomo and Ayodele (2009) and Rezaei et al. (2015) . Seguin et al. (2013) , however, reported less concentrations of NDF (37.7-40.1% of DM) than our results. The ADF concentration in the study by Olorunnisomo and Ayodele (2009) was comparable (27.7% of DM) with those observed in this study. However, the ADF concentrations of our EA were less than those (28.2-31% of DM) reported by others (Rezaei et al., 2009; Seguin et al., 2013; Rezaei et al., 2015) for various EA. Acid detergent lignin concentrations of the present EA were within the range (2.7-3.56% of DM) reported for different silages from amaranth varieties (Olorunnisomo and Ayodele, 2009; Seguin et al., 2013; Rezaei et al., 2015) . The differences in cell wall compounds among the studies are most likely attributable to the fact that the plants in these experiments were harvested at different maturity stages and different amaranth varieties were used in the studies.
Fermentation requires adequate WSC concentration to produce sufficient lactic acid reducing pH to a suitable level for good preservation (McDonald et al., 1991; Kaiser et al., 2004) . Both amaranth varieties contained less WSC concentrations than PC, which may lead to a poorer fermentation of ensiled materials due to lesser production of lactic acid (McDonald et al., 2011) . Increasing the WSC concentration of amaranth by mixing with corn before ensiling might improve the fermentation quality of ensiled materials. The residual WSC concentrations (0.670-0.970% of DM) in all the silages were in the range outlined by McDonald et al. (2011) , but only very small concentrations (usually less than 2% of DM) of WSC remain after fermentation.
Ensiled amaranths had greater ash concentrations than EC, whereas the ECK and ECS were intermediate. In comparison with EC, the silages containing amaranth supply more minerals for livestock due to their greater ash concentrations. The large concentration of ash in EA was in agreement with the reports by Rezaei et al. (2009 Rezaei et al. ( , 2014 for A. hypochondriacus (11-13.7% of DM) and Seguin et al. (2013) for Plainsman and D136 cultivars (19.7-20.4% of DM). It is important to underline that the different concentrations of ash in the amaranths investigated in various experiments (9.2-22% of DM; Viglasky et al., 2009; Rezaei et al., 2014) are related to some factors such as the plant variety, harvest stage, climate, and the soil in which the plant was growing (Viglasky et al., 2009; McDonald et al., 2011) .
Although combining corn with amaranth resulted in increased the concentrations of EE in ECK and ECS as compared with EC, the EE concentrations in all the treatments were below the maximum concentration (8% of DM) recommended by the NRC (2001) as a level above which feed consumption maybe reduced. The values we observed for EE were within the range of values (0.64-3.5% of DM) previously reported (Olorunnisomo and Ayodele, 2009; Seguin et al., 2013; Rezaei et al., 2014) .
The ADICP concentrations in all the silages were representative of good silage (i.e., <7.5% of CP) as stated by Chamberlain and Wilkinson (2000) . Nitrate concentrations of the present EA were less than was reported by Rezaei et al. (2009) for the silage made of A. hypochondriacus harvested at 115 d after planting (0.52-0.57% of DM). Nitrate concentrations were less than the values (i.e., >1% of DM) reported by Aiello (1998) that constitute health risks in ruminants.
Silage Fermentation Characteristics
The pH values in all the silages were within the appropriate range (3.8-4.2) for a well-preserved silage (Faithfull, 2002) . The pH values of our EA were greater than those (pH = 3.9-3.99) reported by Rezaei et al. (2009 Rezaei et al. ( , 2014 Rezaei et al. ( , 2015 but less than those (pH = 4.56-4.68) reported by Seguin et al. (2013) for the silages from different amaranth varieties, harvested at different stages of growth. The pH of a silage is severely influenced by the DM and WSC concentrations of the forage (Kaiser et al., 2004) . In the present study, the greater pH in the silages containing amaranth varieties in comparison with the pH of EC were in parallel to the greater DM and less WSC concentrations of the pre-ensiled amaranths (Kaiser et al., 2004; McDonald et al., 2011) .
Minimal degradation of protein occurs in a goodquality silage (McDonald et al., 1991) . Although mixing corn with amaranth resulted in increased concentrations of ammonia-N in the ensiled corn-amaranth mixtures, the ammonia-N concentrations in all silages were less than the value recommended by Chamberlain and Wilkinson (2000) for a good fermented silage (i.e., <5% of total N). The ammonia-N concentrations of the present EA were comparable with the concentration (4% of total N) reported by Rezaei et al. (2009 ). Rezaei et al. (2014 , 2015 reported slightly greater concentrations of ammonia-N (6.02-6.93% of total N) in EA. The reduced concentration of ammonia-N in EC compared with the amaranth-containing silages would be expected due to the greater lactic acid concentration and, thereby, the lesser pH of EC resulting in the less protein breakdown during silage fermentation (Kaiser et al., 2004; McDonald et al., 2011) . Moreover, this may partly be associated with more activity of proteolytic clostridia in the amaranth-containing silages, which degrades protein to produce ammonia (Kaiser et al., 2004) .
Effective ensiling depends on the fermentation of WSC to lactic acid by lactic acid-producing bacteria (LAB; McDonald et al., 1991) . Lactic acid concentrations in the silages containing amaranth varieties were less than the normal range (8-12% of DM) outlined by McDonald et al. (2011) . Unlike the current study, other researchers reported greater lactic acid concentrations (8.18-12.4% of DM) for different silages from amaranth crops (Rezaei et al., 2009; Seguin et al., 2013; Rezaei et al., 2014) . The reduced concentrations of lactic acid in the silages containing amaranth compared with EC were due to the reduced WSC concentrations of the pre-ensiled amaranths decreasing lactic acid production by LAB during silage fermentation (Kaiser et al., 2004) . Small concentrations of acetic, propionic, and butyric acids in all the treatments were evidence of good silage fermentation (Kaiser et al., 2004) . Greater butyric acid concentrations in the silages containing amaranth in comparison with EC, however, indicated that more secondary fermentation had occurred in EK, ES, ECK, and ECS and a greater part of the sugars and lactic acid had been degraded by saccharolytic clostridia (Kaiser et al., 2004) . Greater saccharolytic clostridia activity increases fermentation losses of DM and energy and decreases silage palatability (McDonald et al., 1991) . This result agreed with a report (butyric acid concentration = 0.09 vs. 1.46% of DM for EC and EA, respectively) by Rezaei et al. (2014) . Greater acetic acid concentration of EC compared with the silages containing amaranth was an indication of greater activity of heterofermentative LAB occurring in EC, which converted some lactic acid to acetic acid (Kaiser et al., 2004) . Homofermenters produce only lactic acid (via the Embden-Meyerhof pathway), but heterofermenters produce lactic acid plus considerable amounts of ethanol, acetic acid, and carbon dioxide (via the 6-phosphoglucanate/phosphoketolase pathway; Anestis, 2006) . Therefore, greater losses of DM or energy occur in the silages with more heterofermentative LAB activity (Kaiser et al., 2004) . Greater acetic acid concentration in EC than those in amaranth-containing silages was in agreement with the results (1.92 vs. 1.73% of DM for EC and EA, respectively) of Rezaei et al. (2014) ; however, less propionic acid concentration in EC compared with amaranth-containing silages was in contrast to their report (0.31 vs. 0.11% of DM for EC and EA, respectively). The differences among the studies were probably due to plant type, agronomic management, growth stage of harvested crops, and ensilage conditions (McDonald et al., 2011) . It is stated that the fermentation quality of a silage depends on the composition of parent plant, which is affected by species, variety, maturity, and agronomic management of the plant. Silage fermentation is strongly influenced by the climatic condition and management during the filling and storage period, for example, chop length, silo type, filling time, compacting, sealing, and maintenance of the ensiled materials ('t Mannetje et al., 2000; Kaiser et al., 2004) . These factors have been different among the studies (Olorunnisomo and Ayodele, 2009; Rezaei et al., 2009 Rezaei et al., , 2015 Seguin et al., 2013) on amaranth silages.
In Vivo Digestibility and In Situ Degradability
Digestibility coefficients of DM and nutrients and ME concentrations of EK and ES were not different and were comparable with the common ensiled crops such as corn, grasses, and oat (NRC, 2001) . Greater digestibilities of DM and nutrients in EK and ES compared with EC were related to the lesser concentrations of NDFom, ADFom, and ADL and the greater concentration of CP (Chamberlain and Wilkinson, 2000) in EK and ES. By mixing corn with amaranth varieties, the digestibility of the resulting silages was improved, so EK and ES had the greatest digestibility and ME followed by the ensiled corn-amaranth mixtures with EC having the least values. Olorunnisomo and Ayodele (2009) reported that despite the greater concentration of CP in EA (A. cruentus), EC had a greater DMD than EA (73.7 vs. 52.6% for EC and EA, respectively). Olorunnisomo and Ayodele (2009) stated that the presence of antinutritive compounds in their amaranth might be responsible for the reduced digestibility values observed in amaranth and corn-amaranth mixtures compared with corn silage. The presence of antinutritive factors (oxalates, saponins, phenols, trypsin inhibitors, and nitrates) has been reported in some species of amaranth (Pisarikova et al., 2006; Olorunnisomo and Ayodele, 2009 ) and has adverse effects on forage digestibility. Rezaei et al. (2014) did not observe any differences in digestibility of diets containing different rates of EA (A. hypochondriacus) substituted for EC fed to lambs. In another study by Rezaei et al. (2015) , OM digestibility of EA (A. hypochondriacus; 67.6%) was greater than EC (66.1%). The variations in digestibility among the current results and other reports are probably due to factors such as variety, species, harvest stage, and agronomic management (such as fertilization) as well as ensilage conditions (McDonald et al., 2011) . Silage digestibility declines with a later harvest, but a better agronomic management of the harvested crop resulted in a silage with greater digestibility (Kaiser et al., 2004; McDonald et al., 2011) . Ensiled material with a greater lactic acid concentration and a less concentration of ammonia-N usually has the better digestibility ('t Mannetje, 2000) ; these fermentation products are affected by the composition of the harvested plant and management during ensilage (Kaiser et al., 2004) . These factors have varied among the researches, so a difference in digestibility among the studies is expected. The conflicting results, which are reported in different studies, encourage further experiments to select the best amaranth type and determine the most appropriate agronomic management and ensilage conditions for production of goodquality EA, alone or in combination with other crops.
Data on ruminal DM degradability of EA are very limited. The soluble fraction and fractional degradation rate of DM in our EA were close to those values reported by Seguin et al. (2013) for the silages from different amaranth cultivars (i.e., Plainsman and D136). In their study, the concentration of the soluble DM fraction and the fractional degradation rate were 41.8 to 42% of DM and 0.069 to 0.073/h, respectively. The amaranth varieties investigated in our study, however, had greater ED compared with the results (66.6-66.7% of DM) by Seguin et al. (2013) . As it has already been explained for digestibility, the different DM degradability coefficients reported in various studies were probably related to the different chemical composition, plant variety, agronomic management, and ensilage condition among these studies. The degradable DM concentrations in both EK and ES were comparable with EC, indicating a good potential as ensiled crops. Greater ED observed for EK, in comparison with ES, was possibly due to the lesser NDFom and greater non-fiber carbohydrates (NFC) concentrations in EK, because NDF ferments slower and is less degradable than NFC in the rumen (NRC, 2001) . Although digestibility of EK and ES was greater than EC (Table 4) , EK and ES were less in ruminal ED, probably owing to their different chemical compositions, which affect the digestion site of plant material in the gastrointestinal tract (McDonald et al., 2011) . This means that, in comparison with EC, a greater proportion of DM has been postruminally digested for EA. Sleugh et al. (2001) , also, noted that amaranth (A. cruentus) may have a greater bypass protein value compared with alfalfa, perennial ryegrass, and white clover. Mixing corn with amaranth decreased the in situ soluble DM fraction and increased the slowly degradable DM fraction of the corn-amaranth silages. These changes in the DM fractions result in greater ED (Alderman et al., 1993; NRC, 2001 ) for ECK and ECS than for EK and ES.
Overall, compared with EC, the silages from 2 varieties (var. Kharkovskiy and Sem) of A. hypochondriacus had appropriate chemical composition, digestibility, and DM degradability, suggesting the valuable potential of these amaranth varieties as ensiled feed sources for ruminants. Considering the higher concentrations of CP in amaranth species, a mixture of amaranth and corn resulted in a higher overall concentration of CP in the ration.
